Abstract: Temperatureregimeisknowntohaveconsiderableinfluenceonthelife-historiesoffish.Topmouthgudgeonisaverysuccessful invader with high biological flexibility and phenotypic plasticity. The flexibility of topmouth gudgeon in a normal thermal regime has been well described, however there has been no information published about how it would cope with extreme conditions, e.g. permanently heated water. Several studies have demonstrated that phenotypic plasticity provides an important advantage to invasive species. To explain their invasion success, the theory of alternative ontogenies and invasive potential has been proposed. The aim of the present study was to examine if the reproductive parameters of a population living in permanently heated water differ from those living in habitats with a normal temperature regime, as well as to test a hypothesis derived from the theory of alternative ontogenies and invasive potential. Over a period of 8 years (2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011), a high variation in the reproductive parameters of topmouth gudgeon from Lake Licheńskie was found. With a small exception, all the observed results met the expectations predicted by the hypothesis tested. This indicates that topmouth gudgeon retains high phenotypic plasticity in life-history traits even in a habitat with extreme conditions, which is important for the species' invasion success.
Introduction
One of typical attributes of fishes is a high degree of variability in their life-histories, expressed among populations of the same species. Much of this variability reflects both abiotic and biotic factors, for example thermal regime, fluctuation in environmental variables, productivity and food availability [1] . Several studies have demonstrated that life-history traits, especially reproductive parameters, are highly plastic in many fish species, and that these traits respond to a variety of environmental parameters, including changes in water temperature [2] .
According to the theory of alternative ontogenies and invasive potential [3] , the changes in life-history traits are supposed to be associated with the species' capability to alternate their ontogenetic trajectories, in subsequent generations, within a continuum from generalized to specialized, responding thus to actual environmental conditions. The wider is this continuum, the higher is the invasive potential of the species [3] . Generalized phenotypes result from unpredictable or unfavourable conditions (e.g. an environment that is unknown for an invader during the early stages of its invasion), whereas specialized phenotypes start to emerge once the conditions appear stable and/or favourable for the species. Generalized phenotypes reflect a population strategy aimed at survival rather than individual fitness, and thus individuals tend to mature at earlier age and smaller size, as well as to produce a higher number of oocytes. Given that resources are limited, the higher number of oocytes results in their smaller size. In contrast, specialized phenotypes reflect a population strategy aimed at individual fitness, because the future survival of the population is not challenged by environmental stimuli. Such phenotypes tend to mature at a later age and bigger size, and to produce a lower number of bigger oocytes [e.g. 4] .
Successful invaders exhibit varying combinations of characteristics and phenotypic plasticity, expressed in their ability to adapt to local conditions [5] . Indeed, measures of life-history traits, such as reproductive parameters and/or age and length at maturity have been used to define, compare and predict the invasiveness of non-native populations at different stages, and thus elucidate their relative ability to successfully establish and spread [6] [7] [8] .
Another factor that effects reproductive parameters is the time that has elapsed since introduction of a new species to a novel environment [e.g. 9,10]. It has been generally accepted that most invasions comprise of a progression of stages: introduction (when invasive species arrives into a novel ecosystem); establishment (when the invader successfully reproduces in the novel environment) and assimilation (when the invader becomes integrated into this ecosystem) [11] .
To verify the theory of alternative ontogenies and invasive potential [3] from the perspective of time, a hypothesis with the following predictions has been developed: individuals from early years of invasion (recently established population, e.g. <5 generations) will have significantly higher fecundity, smaller oocytes and earlier maturation than individuals from native populations. In contrast, individuals from a longer established population living in undisturbed habitats (>5 generations) are predicted not to differ statistically in their reproductive parameters from individuals of native populations [3, 6] .
A good example of organisms that have been reported to benefit from high biological flexibility and phenotypic plasticity is the topmouth gudgeon Pseudorasbora parva [12] [13] [14] . This species has established self-reproducing populations in western Asia, northern Africa and almost the entire Europe [15] . This species appears to be very flexible in varying its reproductive parameters, such as the absolute number of oocytes, oocyte diameter, real absolute fecundity, etc., when entering a novel environment [3, 5] . The species' flexibility in a normal thermal regime (for example, 12.7 -22.4°C in Lake Fuxian, 3.3 -29.2°C in Lakes Chao and Dongting -all China; [16] , 8.2 -23.7°C in Jakubov, and 11.3 -25.8°C in Chľaba, both Slovakia) [6] has been well described, however, there has been no information published about how its invasive populations would cope with extreme conditions of a habitat with permanently heated water.
In 2003, topmouth gudgeon was introduced into Lake Licheńskie (Poland), which is a reservoir with extreme thermal conditions. Therefore, variations in reproductive parameters of this population, that has been surviving in permanently heated environment >5 generations, was examined in this study. The life-history parameters of this invasive topmouth gudgeon population were studied over a period of 8 years. The objectives of the present study were to: 1) examine if the reproductive parameters of a population living in permanently heated water differ from those of populations from habitats with a normal temperature regime; 2) test the hypothesis derived from the theory of alternative ontogenies and invasive potential [3] .
Experimental Procedures

Material and Methods
Material was collected within 8 years (2004-2011) from Lake Licheńskie located in central Poland (52°19'N; 18°21'E). Lake Licheńskie is a part of a complex of five lakes interconnected by a canal network that serves as the cooling system for the Konin and Pątnów power plants. Lake Licheńskie has a surface area of 147.6 ha (approximately 4 km length, 500 m width) with a maximum depth of 12.6 m and mean of 4.5 m. It is of an elongated shape [17] . The mean water temperature in the lake has been elevated by 5 to 7 °C compared to local natural water bodies, fluctuating between 15.7-30.7°C throughout the annual season cycle. The chemical and microbial quality of the five lakes remains stable and the water has been assessed to II and III quality classes [18] . The main components of the chemical composition of Lake Licheńskie sediments were calcium carbonate and silica. Organic matter was the third most abundant component of Lake Licheńskie sediments [17] . Biocoenoses in the lakes have changed. For example, the lakes have been invaded by exotic species, such as Rhodeus ocellatus, Najas marina, Vallisneria spiralis, Anodonta sp., etc. [18] . Fourteen fish species have been recorded in the lake ( Table 1) .
Oxygen content and water temperature were measured with DO meter and with a pH meter with microprocessor (HI 9142 and HI 991001, respectively, both Hanna Instruments) at every sampling occasion.
All samples were collected from the littoral zone by a seine net (length 5 m, depth 0.8 m, mesh size 1 mm). Specimens of topmouth gudgeon were killed with an overdose of 2-phenoxyethanol and then preserved in 4% formaldehyde solution. In the laboratory, standard length (SL) was measured using digital photographs and the IMPOR 2.31E software. Weight, eviscerated weight and gonad weight were taken to the nearest 1 mg, using the KERN ABS/ABJ balance.
Sex ratio was expressed as the relative proportion of mature female/male fish. Absolute number of oocytes (ANO), as well as real absolute fecundity (RAF), oocyte diameter and the size groups of oocytes were examined in specimens from pre-spawning, spawning and post-spawning periods within eight years. The RAF represents the real number of eggs spent within a season, which differs considerably from the total number of oocytes present in the ovaries of fish with asynchronous oocyte development and protracted spawning [6, 8] . During the post-spawning period, the ovaries of females contained no oocytes >0.39 mm diameter. Therefore, the real absolute fecundity was calculated from oocytes >0.39 mm diameter present in the ovaries of each female during the spawning period.
The size range of oocytes was determined from a sub-sample of 50 oocytes taken from the gonad; their diameter was measured using an ocular micrometer to the nearest 0.0025 mm. Oocyte size distribution, including size-groups determination, was then examined and evaluated within the context of the annual gonadal cycle [6, 8] . Gonadosomatic index (GSI) was calculated from eviscerated female body weight following the formula [e.g . 19] . To test the differences in the number of oocytes and size of oocytes the Mann-Whitney U-test was applied. Mean size at maturity was calculated from the percentage of mature females in each size class (in 3 mm standard length (SL) intervals) [20] using the formula of [21] , as adapted by [1] :
where α is the mean size at maturity (SL), x is the SL in mm, ƒ(x) is the proportion of fish mature at size x, and w is the maximum size in the sample.
Results
In the population from Lake Licheńskie, the SL of females examined (n = 459) ranged from 18.9 to 77.1 mm (mean 39.7 mm), the body weight from 0.20 to 9.97 g (mean 1.60 g), and the eviscerated body weight from 0.17 to 7.57 g (mean 1.30 g; see Table 2 for further details). Sex ratio was (female:male) 1.18:1. Within the annual reproductive cycle of topmouth gudgeon, three periods were distinguished based on the GSI variation ( Figure 1 ): pre-spawning period (from September to late April), spawning period (from late April to late June), and post-spawning period (from early July to September).
During the spawning period ranging over 2006-2011, the ANO varied from 397 to 15,023 oocytes, the RAF was within the interval from 286 to 8800 oocytes and the size of oocytes ranged from 0.08 to 1.73 mm (for more details see Table 3 ). Table 3) .
During the post-spawning period within 2004-2011, the ANO varied from 270 to 26 949 oocytes, and the size of oocytes ranged from 0.08 to 1.34 mm (see Table 3 ). Table 2 . Standard length (SL), body weight and eviscerated body weight of topmouth gudgeon (Pseudorasbora parva) females from Lake Licheńskie(Poland)duringparticularperiodsofreproductivecycle(n-numberofspecimens;SE-standarderror).
2011, and no significant differences between these two years were found for any of the characteristics analysed (see Table 3 ).
In mature females (n = 347), 1 to 5 size-groups of oocytes were clearly distinguished, but the percentage of each group varied among years. During the spawning period, most of the females from all years had their oocytes divided into three size-groups (34.04%), whereas four size-groups of oocytes were clearly distinguishable in 30.85% of females, and five size-groups of oocytes in 2.13% of females. The oocyte diameter ranged between 0.08 and 1.45 mm (mean 0.27 mm) in size-group I, between 0.27 and 1.48 mm (mean 0.64 mm) in size-group II, between 0.33 and 1.60 mm (mean 0.92 mm) in size-group III, between 0.43 and 1.73 mm (mean 1.08 mm) in size-group IV, and between 1.10 and 1.49 mm (mean 1.27 mm) in size-group V.
The mean size at maturity in the whole population in 2004 -2011 was 33.93 mm SL. However, a significant change was observed after the very first year of introduction. In 2004, the mean size at maturity was 25.03 mm SL, and it increased up to 37.74 mm in 2006, which was followed by a very slight variation up to 2011, with the exception of 2010, when a strong fluctuation to 49.68 mm was observed. However, females in the sample from 2010 were significantly larger than females from 2009 and all other preceding years (W=115.0; P<0.05), which not only biased the calculation of mean size at maturity, but also strongly affected other reproductive parameters (see Table 3 ).
Discussion
Temperature regime has considerable influence on the life-histories of organisms and this phenomenon is also relevant for invasive species. Extreme temperatures are known to affect various traits from morphology [e.g. 22] to reproductive parameters, [e.g. 2]. Concerning the latter, the most apparent difference between the population from the Lake Licheńskie and other invasive populations seems to be in the number of size-groups of oocytes. Topmouth gudgeon from habitats with a normal temperature regime (e.g. in Slovakia) usually have 1 to 3 size-groups of oocytes [8, 13] . In contrast, in Lake Licheńskie the number of oocyte size-groups varied from 1-5.
Another important parameter is the size at maturation, since if a population is able to increase in a short time period, its chances for successful invasion are higher. Topmouth gudgeon is a small species of fish attaining maximum lengths between 60 and 120 mm TL (but typically up to 50 mm), maturing usually in the first year of life [15] . Because of this, it is difficult Table 3 . Absolutenumberofoocytes(ANO),diameterofoocytes,realabsolutefecundity(RAF)andmeansizeatmaturityoftopmouthgudgeon (Pseudorasbora parva) females from Lake Licheńskie (Poland) during particular periods of reproductive cycle (data for mean size at maturity calculated for each year in general); n -number of specimens; WT -annual mean water temperature; O 2 -annual mean concentration of oxygen, SL -standard length). to find statisticaly significant differences in the age of maturation, though the length at maturation can differ between various populations. In Slovakia, the smallest mature female reached approximately 26 mm SL [6] . In contrast, the smallest female in the population from Lake Licheńskie was only 18.9 mm SL. The mean SL at maturity in the population from Lake Licheńskie was slightly smaller (33.93 mm) than in the population from an undisturbed habitat in Slovakia (34.9 mm) [6] , but very close to the population from a slightly disturbed habitat in Slovakia (>34.1 mm SL) [6] .
ANO
Further differences between the heated lake population and other invasive populations were found in the size of oocytes, ANO and RAF. Yet, these parameters depend on the character of habitat, because undisturbed, disturbed and highly disturbed habitats generate different values for quantitative life-history traits [6] . .05, respectively), the upper size limit of the diameter of oocytes was lower (1.72 mm, see results and [6] ). In 2009, these differences disappeared, to reappear again in 2010 (W(2010) = 155; P<0.05) and 2011 (difference not significant). In summary, the high variation of reproductive parameters indicates a greater flexibility of topmouth gudgeon in adapting its life-history traits. Whether the fluctuation in the parameters associated with fecundity reflected the unusual temperature regime, including inter-annual changes in water temperature in the permanently heated lake, remains unclear, the very high phenotypic plasticity of the species is evident.
The hypothesis derived from the theory of alternative ontogenies and invasive potential tested in this study is based on the assumption that successful invaders benefit from their developmental plasticity, e.g. capability to generate alternative ontogenies and life-histories [3, 23] . Plasticity in life history appears to be an important advantage that helps invasive species in successful adaptation throughout the whole invasion process, including subsequent adaptation to local conditions within the invaded ecosystem once they have integrated into the established community [10] .
Indeed, significant differences in ANO and RAF between particular years in different phases of the reproduction cycle were found in the topmouth gudgeon from Lake Licheńskie. In summary, differences in reproductive parameters between the population from permanently heated water and populations from habitats with normal temperature regimes were found in the number of oocyte size-groups (this may indicate a higher number of spawning batches in topmouth gudgeon from the heated lake), and in the size of oocytes, though these differences were found to be habitat specific rather than general. With an exception of ANO and RAF in 2011, all the observed results met the expectations predicted by the hypothesis derived from the theory of alternative ontogenies and invasive potential [3] . The results indicate that topmouth gudgeon retains a high phenotypic plasticity in life-history traits even in a habitat with extreme conditions, which is important for the invasion success of the species.
